We previously reported a vascular endothelial growth factor (VEGF) autocrine loop in head and neck squamous cell carcinoma (HNSCC) cell lines, supporting a role for VEGF in HNSCC tumorigenesis. Using a phosphotyrosine proteomics approach, we screened the HNSCC cell line, squamous cell carcinoma-9 for effectors of VEGFR2 signaling. A cluster of proteins involved in cell migration and invasion, including the p130Cas paralog, human enhancer of filamentation 1 (HEF1/Cas-L/Nedd9) was identified. HEF1 silencing and overexpression studies revealed a role for VEGF in regulating cell migration, invasion and matrix metalloproteinase (MMP) expression in a HEF1-dependent manner. Moreover, cells plated on extracellular matrix-coated coverslips showed enhanced invadopodia formation in response to VEGF that was HEF1-dependent. Immunolocalization revealed that HEF1 colocalized to invadopodia with MT1-MMP. Analysis of HNSCC tissue microarrays for HEF1 immunoreactivity revealed a 6.5-fold increase in the odds of having a metastasis with a high HEF1 score compared with a low HEF1 score. These findings suggest that HEF1 may be prognostic for advanced stage HNSCC. They also show for the first time that HEF1 is required for VEGFmediated HNSCC cell migration and invasion, consistent with HEF1's recent identification as a metastatic regulator. These results support a strategy targeting VEGF:VEGFR2 in HNSCC therapeutics.
Introduction
Head and neck squamous cell carcinoma (HNSCC) is the sixth most prevalent cancer worldwide (Jemal et al., 2004) . Within the United States it is estimated that B30 000 new cases will be diagnosed and over 7000 people will die from HNSCC per year, with a significant number of cases presenting at an advanced stage with metastases, thus resulting in poor clinical outcomes (Ries et al., 2004) . A number of growth factors have the capacity to drive HNSCC cells to a more metastatic phenotype (Michi et al., 2000; Cooney et al., 2005; Kyzas et al., 2005) , including epidermal growth factor, insulin-like growth factor-1 and vascular endothelial growth factor (VEGF) (Bigbee et al., 2007) . We identified an insulin-like growth factor-1-stimulated VEGF autocrine loop in HNSCC cells (Slomiany et al., 2006) and showed that insulin-like growth factor-1R crosstalk to epidermal growth factor receptor activation may contribute to enhanced tumorigenesis and invasiveness of HNSCC (Slomiany et al., 2007) .
To better understand the contributions of VEGF signaling to HNSCC progression, a more detailed analysis of the molecular mechanisms regulating HNSCC cell tumorigenesis, migration and invasion is needed. VEGF action in endothelial cells leading to angiogenesis has been studied intensively (Ferrara, 2004) . In addition, VEGF action on tumor cells has only recently been described (Bachelder et al., 2003) . To that end, we applied a mass spectrometry-based screen of VEGF action as applied to the identification of epidermal growth factor receptor effectors (Steen et al., 2002) . The rationale for this 'broad net approach' is that mass spectrometry serves as an ideal tool for discovery over conventional methods, enabling identification of site-specific posttranslational modifications and cleavages when applied to the study of signaling proteins (Kratchmarova et al., 2002) .
Using three treatment groups: VEGF; VEGF plus the VEGFR2 tyrosine kinase inhibitor SU5416; untreated control, we carried out a phosphotyrosine proteomics screen of the oral squamous cell carcinoma (SCC) cell line, SCC-9. We identified a cluster of proteins involved in focal adhesions, cell migration and invasion in the VEGF-treated sample including: FAK (focal adhesion kinase), paxillin, cortactin and HEF1 (human enhancer of filamentation 1 (Singh et al., 2007) ). Significantly, HEF1 (Nedd9/Cas-L; neural precursor cell expressed, developmentally downregulated 9/Crk-associated substrate-L) expression has been associated with metastases signatures in glioblastoma (Natarajan et al., 2006) , breast cancer (Izumchenko et al., 2009 ) and melanoma (Kim et al., 2006) , providing a potential link between VEGF signaling and metastatic progression. This led us to the hypothesis that HEF1 effects the invasive actions of VEGF. On the basis of HEF1 silencing and overexpression, we found that VEGF-induced SCC-9 cell migration and invasion were HEF1-dependent. When SCC-9 cells were seeded on extracellular matrixcoated coverslips, VEGF-stimulated invadopodia formation, which was blocked by HEF1 small interfering RNA treatment. Confocal microscopy revealed a punctate distribution of actin, cortactin and phosphotyrosine underlying the nucleus and localized to the ventral surface of VEGF-treated cells. Moreover, HEF1 was present within invadopodia, colocalizing with MT1-matrix metalloproteinase (MMP), providing the first evidence for HEF1 involvement in invadopodia formation. Analysis of a human HNSCC tissue microarray revealed elevated HEF1 staining in advanced stage HNSCC. Our findings indicate that VEGF regulates invasive signaling paradigms in HNSCC and that HEF1 is a downstream mediator of these effects. We suggest a duality of action, whereby VEGF enhances tumor cell invasive signaling and provides a means for extravasation during metastasis (Ferrara, 2004) .
Results

VEGF promotes phosphorylation of proteins involved in migration and invasion
To further define VEGF signaling in head and neck cancer (Slomiany et al., 2006) , we examined VEGFR2 expression in HNSCC cell lines. VEGFR2 was expressed in all cell lines tested and showed a timedependent phosphorylation in response to VEGF (10 ng/ml; Supplementary Information Figure 4 ). To define downstream effectors mediating VEGF signaling in a global manner, we applied a phosphotyrosine proteomics screen of SCC-9 cells (serum-starved, VEGF treated and VEGF treated plus 50 mM SU5416). Whole cell lysates from each sample were enriched for phosphotyrosine containing proteins by affinity adsorption to anti-phosphotyrosine antibodies immobilized on beads. Beads were washed and the eluted proteins digested with trypsin and analyzed by LC MS/MS. Of the 4750 spectra obtained, 16 proteins met our significance criteria, (Rush et al., 2005; Supplementary Information Table 1 ). This required discarding MS3 data because of insufficient quality, which would have identified specific sites of phosphorylation. Three proteins were common to all three treatment groups signifying they were tyrosine phosphorylated under basal conditions in SCC-9 cells. Four proteins were unique to the untreated group while two proteins were shared between the unstimulated and VEGF plus SU5416 group. Nine proteins were identified in the VEGF treated sample; seven were specific to the VEGFstimulated sample and six were confirmed to contain phosphotyrosine. These included FAK, paxillin-g, cortactin and HEF1 (Figure 1 and Supplementary  Information Figure 1 ). These four proteins are known to be regulated by tyrosine phosphorylation (Brabek et al., 2005) ; HEF1 is a FAK and Src substrate (Tachibana et al., 1997) and cortactin is a Src substrate (Tehrani et al., 2007) . All four proteins were tyrosine phosphorylated in response to VEGF in SCC-9 cells (Figure 2a ) with HEF1 phosphorylation being blocked by the Src family kinase inhibitor, PP2 (Figure 2b) . Interestingly, the FAK tyrosine kinase inhibitor, PF-573,228 (Slack-Davis et al., 2007) did not alter HEF1 tyrosine phosphorylation (Figure 2c) , supporting a role for Src in mediating HEF1 phosphorylation (Ruest et al., 2001) .
HEF1 is required for VEGF-induced cell migration and invasion As a role for HEF1 in VEGF signaling in HNSCC has not been described, we examined HEF1 function in HNSCC cells. SCC-9 cell HEF1 protein expression was moderate, when compared with a panel of other HNSCC cell lines, with SCC-25 cells showing the highest HEF1 levels ( Figure 3a) . It is noteworthy that SCC-9 cell cortactin levels were the lowest of all cell lines examined, consistent with a previous report (Timpson et al., 2005 ; Figure 3a ). HEF1 silencing in SCC-9 cells significantly reduced HEF1 protein levels, whereas HEF1 overexpression enabled visualization of its otherwise undetectable protease-induced isoforms (Figure 3b ). Significantly, we observed that HEF1 elevation led to decreased Ecadherin expression and conversely, HEF1 silencing led to increased E-cadherin levels ( Figure 3b ). Decreases in E-cadherin expression accompany loss of cell:cell contact, epithelial-mesenchymal transition and increased cell motility (Guarino et al., 2007) . Consistent with this observation, HEF1 silencing abrogated, whereas HEF1 overexpression enhanced SCC-9 cell migration ( Figure 3c and Supplementary Information Table 2 ).
As shown in Figure 4a (Supplementary Information  Table 2 ), using matrigel-coated transwell filter assays, VEGF-stimulated invasive activity was HEF1-dependent, supporting a role for VEGF acting through HEF1 in HNSCC metastatic signaling. As increased invasive behavior is associated with elevated MMP activity, we tested the effect of VEGF treatment on MT1-MMP (MMP-14), MMP-2 and MMP-9 activities. VEGF treatment increased the activities of all three MMPs (Figure 4b ). MT1-MMP activity was significantly increased in cells overexpressing HEF1, and completely abrogated after HEF1 silencing (Figure 4c ). Further, VEGF-stimulated MMP-9 and MMP-2 activities were inhibited with the VEGF neutralizing monoclonal antibody, bevacizumab (Figures 4d and e) . These findings suggest that VEGF-induced MMP activity is dependent on HEF1 expression. Fashena et al. (2002) reported HEF1 overexpression increased MMP-1, 8, 12, 13 and 14 mRNA levels supporting a role for HEF1 in cancer progression.
HEF1 is involved in invadopodia structure and function Invadopodia are cellular structures responsible for the focal delivery of MMPs to the ventral surface of cells enabling cellular invasion and metastatic progression (Linder, 2007; Gimona et al., 2008) . On the basis of VEGF's ability to increase SCC-9 cell motility, invasion and MMP activation, we reasoned that it may regulate these processes through invadopodia formation. Cortactin is a key component of invadopodia (Linder, 2007) and necessary for their formation (Clark et al., 2007; Ayala et al., 2008) . We therefore tested whether HEF1 participates in invadopodia formation. SCC-9 cells were seeded onto fluorescein isothiocyanate-fibronectincoated coverslips and examined by confocal microscopy after stimulation with VEGF. VEGF treatment caused a redistribution of actin from a uniform cytoplasmic staining to a punctate distribution, localized below the nucleus on the ventral side of the cell, consistent with invadopodia ( Figure 5a ). This conclusion was supported by foci of matrix digestion, or black holes within the fluorescein isothiocyanate-labeled matrix, underlying actin punctae, which were absent in untreated cells ( Figure 5a ). Pretreatment with the broad spectrum MMP inhibitor, GM6001, blocked the VEGF effects on actin distribution and matrix digestion (Ayala et al., 2008) . VEGF treatment resulted in HEF1 redistribution into central zones of punctate staining, overlying areas of matrix digestion. This corresponded to the staining observed for actin and phosphotyrosine, strongly suggesting HEF1 localization within invadopodia ( Figure 5b ). Overexpression of HEF1 in SCC-9 cells treated with VEGF yielded a saw tooth pattern of digestion with numerous invadopodia (Figure 5c ). MT1-MMP was present in regions of matrix digestion, colocalizing with HEF1 within invadopodia tips ( Figure 5c ). These findings strongly suggest that VEGF induces the redistribution of HEF1 from generalized plasma membrane localization to the tips of invadopodia. VEGF stimulated the number of invadopodia Table 1d ).
formed and HEF1 depletion reduced invadopodia formation, in support of this process being HEF1-dependent ( Figure 5d ).
HEF1 expression is linked to advanced stage HNSCC
To translate our in vitro findings to human disease, we quantified HEF1 expression in HNSCC tissue specimens. HEF1 staining was greatest within invasive nests of advanced stage cancers ( Figure 6 and Supplementary Information Figure 3 ). For analysis, samples were split into two groups based on staging data: those with known distant/lymph node metastasis and those with no or no known metastasis. These groups were similar in bivariate analysis with respect to all covariates except those containing staging information. Covariates required for our analysis include age, sex, race, gender, and grade and staging information. Subjects were included only if all the above covariates were known. Out of 200 subject biopsies, 37 met these criteria. Using a HEF1 score of 2, HEF1 staining was dichotomized into high vs low groups to allow for a clinical decision-oriented analysis. Our analyses show a 6.88-fold increase (95% confidence interval (CI) 1.47-32.58) in the odds of having a metastasis with a high HEF1 score compared with those with a low HEF1 score. These results indicate that elevated HEF1 levels correlate with advanced stage HNSCC (Table 1 and  Supplementary Information Table 3 ).
Discussion
In this report we applied a phosphotyrosine proteomics screen to the analysis of VEGF signaling in HNSCC. 
HEF1 mediates VEGF-induced invasive signaling JT Lucas et al
Tandem MS data allowed the sequencing of a large number of peptides and the identification of 17 proteins (Supplementary Information Table 1 ) among three experimental groups. HEF1, FAK, paxillin and cortactin were identified as targets of VEGF action in SCC-9 cells. These proteins have roles in cell migration and invasion (Sloan and Anderson, 2002; Brown and Turner, 2004; Cohen and Guan, 2005; Lua and Low, 2005; Mon et al., 2006; Sabe et al., 2006; Buday and Downward, 2007; van Nimwegen and van de Water, 2007) , with cortactin having been reported to be dysregulated in HNSCC (Patel et al., 1996; Canel et al., 2006; Clark et al., 2007) . It is noteworthy that cortactin is frequently overexpressed in breast cancer (Ormandy et al., 2003) and HNSCC (Rothschild et al., 2006) because of amplification of chromosomal region 11q13 (Patel et al., 1996; Rothschild et al., 2006) . Cortactin overexpression and posttranslational modification correlate with its redistribution from the cytoplasm to focal adhesions, consistent with its role in modulating cell adhesion. Identification of HEF1 in this screen was noteworthy, as HEF1 association with the metastatic signatures of malignant melanoma (Kim et al., 2006) , and glioblastoma (Natarajan et al., 2006) and lung cancer (Ji et al., 2007) have been reported. Given that the HEF1 paralog p130Cas facilitates cancer cell migration and invasion (Nakamoto et al., 2000) , we tested whether HEF1 HEF1 mediates VEGF-induced invasive signaling JT Lucas et al influenced VEGF signaling in HNSCC. VEGF-stimulated cell migration, invasion, MMP expression and invadopodia formation, making this the first report defining a role for VEGF in regulating HNSCC tumorigenicity. These actions were each facilitated by and dependent on HEF1 expression. In contrast to our findings, Simpson et al. (2008) reported that HEF1 silencing increased MCF10A cell motility. Similarly, HEF1 downregulation was reported as part of the metastatic transcriptome signature in a transforming growth factor-b model of breast cancer metastasis to lung (Minn et al., 2005) . Izumchenko et al. (2009) showed that Nedd9 null mice had significantly lower tumor incidence. These differing findings in alternate models may be the result of cell-type-specific differences or the presence of alternate pathways regulating tumor cell progression and metastasis (Sanz-Moreno et al., 2008) . Additional support for HEF1 in cell migration/ invasion comes from studies of multiple cancer cell types (Singh et al., 2008) , metastatic melanoma (Kim et al., 2006) , breast cancer (Izumchenko et al., 2009) , lung cancer (Ji et al., 2007) and head and neck cancer (Yu et al., 2008) .
Cortactin (Linder, 2007) and paxillin (Badowski et al., 2008) are present in focal adhesions, podosomes and invadopodia, whereas FAK is excluded from invadopodia (Bowden et al., 2006) . The dynamic affiliations of these proteins in the formation and maintenance of these organelles and whether they form a continuum is the subject of intense research (Gimona et al., 2008) . HEF1 localizes to focal adhesions, the primary cilium and the centrosome but its precise role in invasion/ metastasis relative to invadopodia has not been defined . The C-terminal domain of HEF1 contains a sequence that is structurally homologous to the focal adhesion targeting domain within the Cterminus of FAK (Arold et al., 2002) . This domain targets FAK to paxillin in focal adhesions. FAK contains an acceptor site (Y925) for Grb2 that is lacking in HEF1. These differences may account for the alternate functions/localizations of these proteins. Thus, if a continuum exists between these three structures, there are biochemical differences maintained that might be responsible for their differing functions. It is tempting to speculate that the presence of HEF1 in invadopodia might fulfill a unique structural role effected by selective protein interactions. It is noteworthy that Alexander formation while having no effect on p130Cas levels (Supplementary Information Figure 2 ). Additional studies are required to define the roles of p130Cas vs HEF1 in invadopodia structure and function. Several lines of evidence support a role for HEF1 in invadopodia formation. (1) HEF1 depletion reduced and HEF1 overexpression increased invadopodia formation; (2) VEGF-induced invadopodia formation was dependent on HEF1 expression; (3) HEF1 depletion reduced MMP-2, MMP-9 and MT1-MMP expression; (4) confocal analysis revealed HEF1 as a resident invadopodia protein in which it colocalized with MT1-MMP. Before this report, HEF1 had not been implicated as an invadopodia protein or a regulator of invadopodia structure/function. Our findings suggest that HEF1 associates with invadopodia and influences their formation.
Cortactin is tyrosine phosphorylated and localizes to the base of invadopodia in which it regulates Arp2/3-mediated actin polymerization and formation of invadopodia projections into the ECM at the ventral surface of cells (Linder, 2007) . It has been suggested that cortactin is required for invadopodia formation and involved in MMP delivery to these sites (Clark et al., 2007; Ayala et al., 2008) . Our findings suggest that HEF1 may function in combination with or independently of cortactin; this will require further studies to resolve. If one or both of these proteins can target MMPs to forming invadopodia, it may be through directing MMP containing vesicles to invadopodia. This implies a chaperone function mediated by specific Abbreviations: HEF1, human enhancer of filamentation 1; HNSCC, head and neck squamous cell carcinoma; IHC, immunohistochemistry; SCC, squamous cell carcinoma. Tissue microarrays were stained for HEF1 as detailed in Materials and methods. Additional HEF1 antibody validation using SCC-25 and SCC-9 cells can be found in Figure 3 , Supplementary Information. HEF1 staining was differentially distributed across samples from subjects subdivided by the presence of metastasis. HEF1 staining was further differentially distributed across multiple stages.
protein:protein interactions with vesicle membrane proteins. MMP delivery to the ventral plasma membrane is one of the stimuli driving invadopodia formation (Weaver, 2008) , with inhibition of MMP action abrogating invadopodia formation and function (Clark et al., 2007; Ayala et al., 2008) . Analysis of human HNSCC tissue microarrays revealed significantly higher HEF1 staining in advanced stage tumor tissue that we interpret as indicative of its unique role in invasive signaling. These results suggest that HEF1, as reported for melanoma, glioblastoma and lung cancer, might also be a signature protein in HNSCC metastatic progression. They further indicate that elevated HEF1 levels reflect a poor prognosis potentially serving as a biomarker. Taken together with the activities we observed for HEF1 in this report, it is likely that elevations in HEF1 enhance epithelialmesenchymal transition, MMP expression, invadopodia formation and invasive spread.
In summary, using a proteomics approach to examine VEGF signaling in HNSCC, we identified HEF1 as a mediator of invasive signaling pathways. In support of this role, we showed that MMP-2, MMP-9 and MT1-MMP activity were dependent on HEF1 expression, as was the ability of VEGF to stimulate cell invasion. VEGF-induced invadopodia formation was HEF1-dependent suggesting a mechanism whereby MMPs are delivered to and released in a localized manner at invadopodia to effect cell invasion (Linder, 2007) . We further showed that elevated HEF1 levels are indicative of a poor prognosis in HNSCC, providing insight into the mechanism by which HEF1 may contribute to the metastatic process. It will be important to determine the HEF1 domains and sites of tyrosine phosphorylation required for migration, invasion and invadopodia formation.
Materials and methods
Materials and reagents
Dulbecco's modified Eagle's medium, iodoacetamide and mitomycin C were from Sigma (St Louis, MO, USA). ZM323881and SU5416 were purchased from Calbiochem (La Jolla, CA, USA). BCA reagent was obtained from Pierce (Rockford, IL, USA). VEGF was generously provided by Genentech, Inc. (San Francisco, CA, USA). PF-573,228 was a gift from Pfizer, Inc. (Groton, CT, USA). 4G10 Antiphosphotyrosine antibody and 4G10-agarose, FAK, paxillin, cortactin and horseradish peroxidase-conjugated antibodies and Re-Blot Plus were obtained from Millipore (Temecula, CA, USA). HEF1 (2G9) monoclonal, HEF1 (H10) and VEGFR2/flk-1 antibodies were from Santa Cruz (Santa Cruz, CA, USA). ECL Reagent and CH-Sepharose beads were obtained from GE Biosciences (Piscataway, NJ, USA). HEF1 constructs were generously provided by Dr Erica Golemis (Fox Chase Cancer Center). All other chemicals were of reagent grade or higher.
Tissue culture SCC-9 cells (ATCC, Manassas, VA, USA) were maintained as described at 37 1C in a humidified 5% CO 2 -95% air incubator (Rheinwald and Beckett, 1981) . For all experiments, SCC-9 cells were seeded in 150 cm dishes, grown overnight to 80-95% confluency, and serum starved for 24 h before the treatment. After pretreatment for 2 h with fresh serum-free medium (SFM) containing inhibitors solubilized in ethanol, cells were treated with ethanol vehicle, inhibitors and VEGF.
Immunoblot analysis
Standard immunoblot analysis of whole cell lysates was carried out as previously described (see Supplementary Information; (Slomiany et al., 2006) ).
Immunoadsorption and trypsin digestion of tyrosine phosphorylated proteins Cleared cell lysates were diluted 10-fold with modified radioimmunoprecipitation assay buffer containing 2 mM sodium orthovanadate and 10 mM NaF to 0.1% Triton X-100 and 4G10 anti-phosphotyrosine antibody-agarose was added (250 ml beads per 30 mg protein). Details of the collection of the tyrosine phosphorylated proteins and treatment before mass spectrometric analysis can be found in Supplementary Information.
Matrix-assisted laser desorption/ionization and LC/MS/MS analysis
For matrix-assisted laser desorption/ionization MS analysis, samples were mixed with 10 mg/ml a-cyano-4 hydroxy cinnamic acid in 70% acetonitrile containing 0.1% TFA and analyzed using a Voyager DE STR Proteomics workstation (Applied Biosystems, Foster City, CA, USA). For electrospray analyses, samples were loaded onto a C18 nano-capillary column (3.5 mm particle size, 15 Â 0.75 i.d. cm) and eluted with a 245 min gradient from 5% acetonitrile/95% H 2 0/0.2% formic acid to 95% acetonitrile/5% H 2 0/0.2% formic acid. Samples were ionized in-line from the column with a nanospray ion source on an LTQ ion trap mass spectrometer (ThermoFinnigan, Waltham, MA, USA). Tandem mass spectra were collected in data-dependent neutral loss scanning mode using a top five method with a dynamic exclusion repeat of two and a repeat duration of 0.5 min.
Wound healing assay SCC-9 cells were grown to confluency and subsequently serum starved for 24 h. After pretreatment with 10 mg/ml mitomycin C for 2 h, a scratch was introduced into the monolayer using a sterile 20-200 ml pipet tip. All treatments were added along with mitomycin C. Phase contrast images were taken at 0, 6, 12 and 24 h with a computer-controlled microscope.
Invasion assay
Serum-starved cells were plated in the top chamber of matrigel-coated transwell filters in 24-well plates at a density of 30 Â 10 3 cells per well for 1 h. SFM in the upper and lower chambers was exchanged for fresh SFM containing the treatment indicated and the cells incubated for 24 h. To terminate the experiment, each filter was rinsed with phosphate-buffered saline (PBS) and stained with a 1:10 000 dilution of Hoechst dye in PBS for 10 min. The top portion of each filter was swabbed with a Q-tip and washed three times with PBS. Cells on the filter bottoms were imaged with a 4,6-diamidino-2-phenylindole filter and nuclei were counted using Cell Profiler v1.0.4942 (Carpenter et al., 2006) .
Gelatin zymography
In all, 2 ml of conditioned medium was collected at various times, spin dialyzed and concentrated in Centricon microconcentrators. Alternatively, MMPs were enriched by affinity adsorption on gelatin-Sepharose (Descamps et al., 2002) . Gelatin-Sepharose (Supplementary Information; 50 ml) was mixed in a 1:3 ratio with conditioned medium for 1 h, rinsed with equilibration buffer containing 0.05% Tween followed by equilibration buffer without NaCl. Sodium dodecyl sulfate sample buffer lacking dithiothreitol was added and the proteins were resolved on 7.5% acrylamide, sodium dodecyl sulfate gels containing polymerized gelatin (2 mg/ml). MMPs were renatured using two 30 min detergent exchange washes. Gels were incubated in enzyme buffer for 6-16 h at 37 1C, stained with Coomassie blue, destained and imaged using a Bio-Rad FlourS-Multimager (Hercules, CA, USA).
Transfection of SCC-9 cells Cell suspensions were reconstituted in 100 ml of Lonza Nucleofection Solution V (Lonza, Gaithersburg, MD, USA). Small interfering RNA or plasmid DNA were added as indicated and nucleofection performed using program T-020 of an Lonza Nucleofector II. Cells were quickly resuspended in medium containing 20% fetal bovine serum and allowed to recover. Small interfering RNA transfectants were analyzed in experiments on the third day after transfection, while plasmid transfectants were assayed the following day.
Immunohistochemistry
In all, 5 mm sections were de-paraffinized, heat treated, blocked in serum specific to the secondary antibody used and labeled with antibodies for HEF1 (Cas-L H-70, Santa Cruz Biotech) at a dilution of 1:50 in blocking buffer. Biotin-labeled secondary antibodies (1:200 dilution) were added for 1 h followed by washing and counterstaining the sections with hematoxylin and eosin for 10 s. This was followed by washing and dehydration in an ethanol series ending with xylene. Coverslips were mounted on slides and sealed for microscopy and subsequent digitization.
Invadopodia assay
Coverslips (#1) were coated with 80 ml of warmed gelatin (comprises fluorescently labeled:unlabeled gelatin or fibronectin in a 1:8 ratio). Coated coverslips were allowed to solidify and dry to a thin film at 23 1C in the dark. Coated coverslips were cross-linked with 4% paraformaldehyde for 10 min, reduced with 1 ml of 10% Na borohydride, and washed three times with PBS. Coverslips were then equilibrated in SFM containing 10 mM GM6001 for at least 15 min. SCC-9 cells were trypsinized with 0.25% trypsin-EDTA, suspended and mixed with sterile 2.5% bovine serum albumin to neutralize trypsin, and centrifuged at 500 Â g for 5 min. Cells were resuspended in SFM and coverslips seeded at a low density (final GM6001 conc., 5 mM). Cells were allowed to adhere overnight and attached cells were gently washed with SFM. Cells were treated as indicated in SFM for 3-6 h. Invadopodia, defined as foci of gelatin degradation (regions of decreased gelatin fluorescence) and increased F-actin and cortactin fluorescence intensity, were quantified as: (1) % cells containing invadopodia and (2) the average number of invadopodia per cell. Three repetitions were performed to calculate the mean percentage of invadopodia per cell and a minimum of 50 cells were counted in three assays to determine the average number of invadopodia per cell.
Immunocytochemistry
After treatment, cells were rinsed in PBS, fixed in 4% paraformaldehyde for 10 min and permeabilized with 0.1% Triton X-100 for 3 min. Washed cells were blocked with 1% bovine serum albumin in PBS for at least 30 min. Cells were next incubated with 100 ml of primary antibody diluted in 1% bovine serum albumin and 0.1% Triton X-100 in PBS for 1 h, washed and incubated with secondary antibody (1:200) in the same solution for 1 h. Coverslips were then washed with PBS, inverted onto a glass slide with anti-bleaching sealant solution and sealed with fingernail polish. Labeled cells were imaged on a Leica TCS SP2 AOBS laser scanning confocal microscope with a 458, 477, 488 and 514-nm Argon laser, 543-nm He-Ne laser, and 633-nm He-Ne laser, in the xyz and xzy planes. Images were prepared for publication using Leica Imaging Software and Gnu Image Manipulation Program v2.6.
Tissue microarray analysis HNSCC tissue microarrays (formalin-fixed paraffin-embedded tissues comprises 472 cases and 27 controls) obtained from Drs Vyomesh Patel and J Silvio Gutkind (NIDCR/NIH), (Molinolo et al., 2007) were stained for HEF1 expression levels to assess HEF1 as a biomarker predictive of HNSCC metastasis (see Supplementary Information for details). HNSCC tumor array slides were analyzed by HEF1 immunohistochemistry. The number of positive cells was visually evaluated for each core and the results were expressed as a percentage of stained cells per total number of cells. According to their immunoreactivity, the tissue array cores were divided into three categories: 0, o10% of stained cells; 1, between 10 and 25%; 2, between 25 and 50%; and 3, 75 to 100%.
Statistical analysis
Summary statistics for all continuous variables are presented as means and s.d. Categorical data are summarized as frequencies and percentages. Differences in baseline characteristics between the local disease group and advanced disease group were analyzed using the Student's t-test, w 2 -test or Fisher's exact test. The local and advanced disease groups were compared based on the HEF1 score in patients that could be defined by the above criteria using a Fisher's exact test for heterogeneity and Cochran Armitage test for trend in a 2 (two groups) Â 3 (score 1-3) 
